Abstract. We experimentally investigate the existence of Bragg and hybridization gaps in 3D bubble phononic crystals. Softlithography techniques allow us to tune the lattice constant, so that we can highlight the interactions between the two types of gaps. We show that a layered model provides a simple physical picture of the phenomenon.
Among all the components one can think of to create a phononic crystal, the case of air bubbles in a liquid has been shown to be a very promissing choice. Theories predict indeed that crystals with air inclusions in a liquid exhibit the widest band gaps ever reported [1, 2] . However, the practical implementation is difficult: generating equally sized bubbles arranged on a crystal lattice is not an easy task. Recently, we have shown that soft lithography techniques were efficient for building bubbly soft elastic materials, including 3D phononic crystals of bubbles [3] . Transmission measurements have confirmed the existence of wide and deep minima of transmission. In phononics crystals, besides the Bragg gaps (BG) due to the periodicity of the structure, one can expect hybridization gaps (HG) induced by coupling between a scattering resonance and the propagation mode of the embedding medium [4, 5, 6] . These two types of gaps have different behaviors (e.g., an HG survives to disorder, while a BG is intrinsic to order), and the question of how they can interact arises. For instance, one can wonder what occurs if the central frequency of a BG is tunned so that it corresponds to the frequency of a resonance generating an HG. This is the question we want to address. As bubbles are strong acoustic scatterers with a low frequency resonance, crystals of bubbles are perfect candidates for exhibiting strong HG. It is indeed well-known that, in bubbly liquids, acoustic waves are evanescent when the frequency is close to the resonance of the bubbles. Moreover, the soft-lithography technique offers the opportunity to easily modify the lattice constant of the 3D crystal, so that the position of the BG can be tunned, an advantage which is usually specific to 2D systems [6] .
Details on the technique for making the samples can be found in ref [3] . A schematic view of the simple cubic system is shown in Figure 1 , and the characteristics of three samples investigated are given in Table 1 .
All the acoustic measurements were made in the z direction. We first investigated the transmission through one layer of bubbles (upward-pointing triangles in figure 2 ). In this configuration, only the HG is visible, and the minimum of transmission is found at 530 kHz. At this frequency, the wavelength in PDMS is about λ = 1.9 mm. It means we need to take a z = λ /4 = 470 µm for obtaining a BG at the same frequency. That is what we have done for crystal 1 (see Table 1 ). The transmission of ultrasound through crystal 1 is shown in figure 2a (solid circles): it is remarkably low for a sample whose thickness is less than 2 mm and in which the volume fraction of scatterers is 0.6 %. Note that the intrinsic attenuation in PDMS is negligible here. It appears that the transmission around 0.5 MHz is lower than what a simple extrapolation of the one-layer transmission predicts (downward-pointing triangles in figure 2a), due to the additional effect of the BG. To investigate further the interaction between the two gaps, we made crystal 2 with a lattice constant a z close to λ /2 = 940 µm, so that it corresponds to a maximum of transmission at 530 kHz. The result of the transmission experiment through this new crystal is shown in Figure 2b . Contrary to the previous case, the Bragg reflections build a peak of transmission in the HG, similarly to a resonant tunneling [7] . Figure 2 also gives the predictions of the Multiple Scattering Theory (MST) and the ones of a layered model [3] . Both give a satisfactory agreement with the experimental data. The success of the simple layered model allows us to draw a simple physical picture of what is happening. Indeed, the layered model is a 1D description of the crystal in which each layer of bubbles is treated as a partially reflective layer with a reflection coefficient r and a transmission coefficient t = 1 + r. The Bragg reflections are taken into account by an iterative process. It follows that, to a first approximation, the HG depends on the parameters of the layers (a x , a y , h, d ), whereas the BG is governed by the distance between the layers (a z ). Note that this simple description probably breaks down if the direction of propagation is not normal, or if the lattice constants are too small; but it provides useful guidelines for the design of bubble crystals.
